Schmidt KL, Chin EH, Shah AH, Soma KK. Cortisol and corticosterone in immune organs and brain of European starlings: developmental changes, effects of restraint stress, comparison with zebra finches. Am J Physiol Regul Integr Comp Physiol 297: R42-R51, 2009. First published April 22, 2009 doi:10.1152/ajpregu.90964.2008 are produced in the adrenal glands and also in extraadrenal sites, including immune organs and brain. Here, we examined regulation of systemic GC levels in plasma and local GC levels in immune organs and brain during development. We conducted two studies and examined a total of 462 samples from 70 subjects. In study 1, we determined corticosterone and cortisol levels in the plasma, immune organs, and brain of wild European starlings on posthatch day 0 (P0) and P10 (at baseline and after 45 min of restraint). Baseline corticosterone and cortisol levels were low in the immune organs and brain at P0 and P10, providing little evidence for local GC synthesis in starlings. At P0, restraint had no significant effects on corticosterone or cortisol levels in the plasma or tissues; however, there was a trend for restraint to increase both corticosterone and cortisol in the immune organs. At P10, restraint increased corticosterone levels in the plasma and all tissues, but restraint increased cortisol levels in the plasma, thymus, and diencephalon only. In study 2, we directly compared GC levels in European starlings and zebra finches at P4. In zebra finches but not starlings, cortisol levels were higher in the immune organs than in plasma. This difference in immune GC levels might be due to evolutionary lineage, life history strategy, or experiential factors, such as parasite exposure. This is the first study to measure immune GC levels in wild animals and one of the first studies to measure local GC levels after restraint stress.
altricial; avian; bird; bursa of Fabricius; development; diencephalon; glucocorticoid; immune system; immunosteroid; lymphocyte; nervous system; neurosteroid; songbird; spleen; stress hyporesponsive period; thymus GLUCOCORTICOIDS (GCS) HAVE important effects on the development of many physiological systems, including the immune and nervous systems. For example, GCs regulate lymphocyte selection in the thymus (18) . High GC levels can induce thymocyte apoptosis, whereas intermediate GC levels decrease thymocyte apoptosis by antagonizing T-cell receptor signaling (62) . Furthermore, GC administration during development can suppress cell-mediated immune responses (26, 49) . GCs also have important effects on brain development. Early corticosterone treatment or food restriction decreases the size of the song nucleus HVC in zebra finches (Taeniopygia guttata) (5) and song sparrows (Melospiza melodia) (29) . In zebra finches, high corticosterone levels during the nestling period also reduce song complexity (57) and impair spatial learning (19) .
In many altricial species, plasma GC levels are low neonatally and do not increase in response to a variety of stressors (25, 50) . In mice and rats, this has been termed the stress hyporesponsive period (SHRP), which lasts for approximately the first 2 wk of life (25, 50) . A similar period of low-stress reactivity occurs in songbirds during the 1st wk of life (54, 64) . However, GCs can be synthesized in extra-adrenal tissues (13) , such as immune and neural tissues, which may allow for local elevations of GCs during the SHRP (51) . For example, in the developing mouse thymus, epithelial cells produce pregnenolone and deoxycorticosterone from 22R-hydroxycholesterol (63) , and thymocytes can also express glucocorticoidsynthetic enzymes (45) . In chickens, in vitro studies suggest that the thymus and bursa of Fabricius (hereafter bursa) express all of the enzymes necessary to synthesize cortisol from cholesterol, in contrast to the adrenal glands, which synthesize corticosterone (22) . In developing zebra finches, cortisol levels in immune organs are higher than cortisol levels in plasma, also suggesting local cortisol synthesis (52) . In developing mice and birds, immune GC synthesis declines with age, as adrenal GC synthesis begins to increase (52, 63) . The function of GC synthesis in immune organs is not entirely clear, but there is evidence that thymus-derived GCs regulate apoptosis of thymocytes during development (42, 62) .
In the brain, mRNAs for the steroidogenic enzymes P450scc and P450c11␤ have been detected in the cortex, amygdala, hippocampus, and cerebellum of developing and adult rats (30, 35, 61) . Expression of P450c11␤ mRNA in the rat brain increases in response to ACTH treatment and adrenalectomy (66) . Cultures of rat brain tissue convert 11-deoxycorticosterone to corticosterone, demonstrating P450c11␤ activity (17, 31) . The mRNA for P450c21, which converts progesterone and 17-hydroxyprogesterone to 11-deoxycorticosterone and 11-deoxycortisol, respectively, has been detected in the brains of mice (60) and humans (3) . In songbirds, corticosterone may be synthesized in the brain in response to restraint during molt, when circulating levels of corticosterone are low (40, 41) . Additionally, P450scc, 3␤-HSD, and P450c17 are expressed in the quail (2) and zebra finch (27) brain during development. 3␤-HSD activity has also been demonstrated in the brain of adult song sparrows and zebra finches (44, 56) . Although it is evident that GCs are produced locally in extra-adrenal tissues, the effects of various stressors on local GC synthesis remain unclear.
It is also unclear how local GC synthesis varies among species. With over 4,000 species, songbirds provide an excellent opportunity for comparative studies. For example, species differences in local GC synthesis may be related to life history strategies, such as "pace of life," which refers to the rate of reproduction, age at reproductive maturity, and longevity of a species (46) . Zebra finches exhibit a fast pace of life, and high levels of GCs in immune organs (52) may suppress development of the costly adaptive immune system, thus shunting resources to rapid reproductive development (24) . In contrast, species with a slower pace of life, such as the European starling (Sturnus vulgaris), may invest more in adaptive immunity to aid in long-term survival. The relationship between life history strategy and immune function is complex, and factors other than pace of life are also likely to be important (24, 32, 33) .
In study 1, we determined endogenous corticosterone and cortisol levels in plasma, immune organs, and brain of wild European starlings at posthatch day 0 (P0) and P10 and the effects of acute restraint. Starlings are an excellent animal model because they can be readily studied in the field under natural conditions. Starling plasma corticosterone levels have been well characterized (14, 28, 48) . These ages (P0 and P10) were chosen because past studies of songbirds have determined that plasma corticosterone levels respond only weakly to restraint in the 1st wk of life (54, 64) , and we wanted to determine whether GC levels in tissues follow a similar developmental pattern. If GCs are synthesized in tissues, then it is possible that tissue GC levels may increase in response to restraint even though plasma GC levels do not (7) . In altricial birds, the adaptive immune system and brain are still developing during the nestling stage (5, 55) . Thus, variations in GC levels could have important consequences for development of these systems. Local GC levels were low in starlings in study 1; however, previously, we found that local GC levels were high in developing zebra finches (52) , suggesting that there is a difference in local GC levels between starlings and zebra finches. Thus, in study 2, we directly compared corticosterone and cortisol levels in immune organs and brain of P4 starlings and P4 zebra finches. In total, 462 plasma and tissue samples from 70 animals were analyzed for corticosterone and cortisol.
MATERIALS AND METHODS

Subjects and Field Sites
Research was carried out under a University of British Columbia (UBC) permit, following the guidelines of the Canadian Council on Animal Care. In study 1, the effect of acute restraint stress on GC levels in European starlings was determined. Subjects in study 1 were wild European starling nestlings sampled at P0 (n ϭ 9 baseline, 2 males and 7 females, and 9 stressed, 6 males and 3 females) or P10 (n ϭ 11 baseline, 5 males and 6 females, and 11 stressed 5 males and 6 females). Sex was determined by visual examination of the gonads after death. At P0, chicks' eyes are closed and their ability to thermoregulate and move around the nest is minimal (8) . By P10, chicks' eyes are open and their ability to thermoregulate and move around the nest is increasing (8) . At P0 and P10, half of the subjects were sampled within 3 min of disturbance to examine baseline levels of GCs (47) , and half were sampled after 45 min of restraint stress, which induces maximal plasma corticosterone levels in adult starlings (48) . For restraint, chicks were placed in an opaque cloth bag and kept warm. Samples from P10 birds were collected from the Davistead Dairy Farm in Langley, British Columbia in 2006, and samples from P0 birds were collected from the UBC Farm in Vancouver in 2007. At both field sites, identical wooden nest boxes were mounted on posts or buildings. Additionally, the number of eggs laid per clutch, incubation time, and number of chicks that successfully hatch are similar between field sites (personal observation). Nest boxes were checked daily to determine clutch initiation and completion, as well as hatch dates (9) .
In study 2, GC levels in P4 European starlings and P4 zebra finches were compared. We sampled subjects at P4 because this is the earliest age at which we have been able to collect both the spleen and bursa. In a previous study on zebra finches, at P0 and P3, we were only able to collect the bursa (52) . Furthermore, cortisol levels in immune organs were highest at P0 and then declined with age (52) . Thus, we also wanted to sample birds as young as possible so that local GC levels would still be high. Both starlings and zebra finches typically lay 4 -6 eggs per clutch and incubate eggs for ϳ10 days (8, 67) . Both species are altricial, and nestlings of both species fledge the nest at ϳP20 (8, 67) . Thus starlings and zebra finches have a similar early developmental profile. Samples from wild P4 European starlings were collected from the UBC Farm in 2007. Samples were also collected from captive P4 zebra finches. Breeding pairs of adult zebra finches were given millet seeds, water, grit, and cuttlefish bone ad libitum. Breeding pairs were also given a food supplement consisting of boiled chicken eggs, cornmeal, and bread daily. A 14:10-h light-dark cycle was used (lights on at 0800). Temperature was held at ϳ23°C and relative humidity at ϳ50%. P4 starlings (n ϭ 10, 5 males and 5 females) and zebra finches (n ϭ 20, 10 males and 10 females) were sampled within 3 min of disturbance. For zebra finches, plasma and tissue samples from two individuals of the same sex were pooled to increase the chance of reaching detectability in the immunoassays. For starlings, sex was determined by visual examination of the gonads. For zebra finches, sex was determined by examination of the gonads using a dissecting microscope (Nikon SMZ 645).
Sample Collection
Subjects were sampled between 1200 and 1600 to minimize possible diet changes in GCs. For study 1, two nestlings were taken from the same nest at the same time. One nestling (randomly chosen) was sampled immediately, and the other was sampled after 45 min of restraint. A blood sample was collected via cardiac puncture with a heparinized syringe (2.03 Ϯ 0.10 min or 46.99 Ϯ 0.23 min after disturbance). Trunk blood was also collected at death, and cardiac and trunk blood were pooled. Blood was kept on ice in the field and centrifuged at 10,000 rpm for 10 min once transported back to the lab. Plasma was collected with a Hamilton syringe and stored at Ϫ20°C until analysis.
Immediately after cardiac puncture, birds were rapidly decapitated (2.40 Ϯ 0.10 min or 47.38 Ϯ 0.23 min after disturbance). The brains and bodies were immediately chilled on ice for 5 min. Brains were dissected first, and regions collected include the cerebellum, rostral telencephalon (rTel), caudal telencephalon (cTel), dorsal telencephalon (dTel, in P10 birds only), diencephalon, and optic lobes. First, the cerebellum was collected. Next, the telencephalon was dissected. To dissect out the dTel in P10 birds, cuts were made on the telencephalon in the following places: halfway between rostral and caudal edges, halfway between dorsal and ventral edges, and halfway between the midline and lateral edges. The dTel contained HVC (abbreviation used as proper name, involved in song production), NCM (caudal medial nidopallium, involved in song perception), and the hippocampus. To dissect out the rTel, after the dTel was collected, tissue from the rostral edge to halfway between the rostral and caudal edges was collected. To dissect out the cTel, tissue from halfway between the rostral and caudal edges to the caudal edge of the brain was collected. In P0 birds, the telencephalon was dissected into rTel and cTel only. Next the optic lobes were collected. Lastly, the diencephalon was dissected to the depth of the anterior commissure. The body was dissected next. Peripheral tissues collected include the bursa, thymus, and spleen. All tissues were immediately frozen with liquid nitrogen or dry ice in the field. All dissections were completed within 30 min (24.56 Ϯ 0.44 min). After transport to the lab, tissues were stored at Ϫ80°C until analysis.
All procedures were the same for study 2, except that all subjects were sampled within 3 min of disturbance. In study 2, from the brain, only the telencephalon was dissected. The telencephalon was dissected into rTel and cTel, and only rTel was used in this study. Spleen and bursa were also collected. Thymus could not be collected in zebra finches at P4.
Steroid Extraction
Steroids were extracted from tissue and plasma using solid-phase extraction (SPE) with C18 columns as previously described (9, 39, 52) . This extraction procedure results in high and consistent steroid recoveries and effectively removes interfering substances from lipidrich samples (39) . For study 1, all samples from P0 birds were extracted and assayed at one time, and all samples from P10 birds were extracted and assayed at another time. For study 2, all samples from starlings and zebra finches were extracted and assayed at the same time. Steroid recovery was determined by spiking plasma and tissue pools with 60 pg of corticosterone and 150 pg of cortisol and comparing spiked samples to unspiked samples (n ϭ 3 spiked and unspiked pools). In study 1, for P0 samples, recovery of corticosterone was 94% in plasma and 95% in tissue, and recovery of cortisol was 110% in plasma and 105% in tissue. For P10 samples, recovery of corticosterone was 88% in plasma and 76% in tissue, and recovery of cortisol was 96% in plasma and 84% in tissue. In study 2, recovery of corticosterone was 84% in plasma and 95% in tissue, and recovery of cortisol was 89% in plasma and 90% in tissue. Samples were corrected for recovery where applicable.
Corticosterone Radioimmunoassay
Samples were resuspended in 70 l of phosphate-buffered diluent provided with the cortisol enzyme immunoassay (EIA) and 5% absolute ethanol. Of the initial 70-l resuspension, 20 l was used for the corticosterone assay (29% of the sample). This 20 l was brought up to 100 l with the phosphate-buffered diluent provided with the corticosterone radioimmunoassay (RIA), and 50 l was assayed in duplicate for corticosterone (average coefficient of variation between duplicates was 1.3%). Final concentration of ethanol in the RIA was 1%, which does not affect this assay (29, 38) .
Levels of corticosterone were determined using a sensitive and specific double-antibody 125 I-RIA (MP Biomedicals, 07-120103) that has been validated for songbird plasma and tissue samples (39, 52) . The detection limit was 3.12 pg corticosterone per tube (defined as the lowest standard). The corticosterone antibody is highly specific and has a low cross-reactivity to cortisol (0.05%) and the precursors (11-deoxycorticosterone ϭ 0.34%; 11-deoxycortisol Ͻ 0.30%) and metabolites (dehydrocorticosterone ϭ 0.50%; cortisone Ͻ 0.30%) of corticosterone and cortisol (52) .
Water blanks and controls were analyzed in each assay. In study 1, for the P0 assays, five of the six extracted water blanks were nondetectable (Ͻ3.12 pg corticosterone), and one was slightly above the detection limit, and for the P10 assays, all six water blanks were nondetectable for corticosterone. Intra-assay variation was 4.96% for the P0 assays and 5.52% for the P10 assays. Low and high controls provided with the RIA kit were used to assess interassay variation. For the P0 assays, interassay variation was 11.70% for the low control and 7.28% for the high control. For the P10 assays, interassay variation was 10.36% for the low control and 7.64% for the high control.
In study 2, all water blanks were nondetectable for corticosterone (n ϭ 5).
Cortisol Enzyme Immunoassay
Levels of cortisol were determined using a sensitive and specific EIA (Salimetrics, 1-3012). The detection limit was 3 pg cortisol per well (defined as the lowest standard). The cortisol antibody is highly specific and has a low cross-reactivity to corticosterone (0.20%) and the precursors (11-deoxycorticosterone ϭ 2.24%; 11-deoxycortisol ϭ 0.16%) and metabolites (dehydrocorticosterone ϭ 2.03%; cortisone ϭ 0.13%) of corticosterone and cortisol (52) . The remaining 50 l of resuspension (71% of the sample) was brought up to 70 l with the phosphate-buffered diluent provided with the cortisol EIA, and 25 l was assayed in duplicate for cortisol (average coefficient of variation between duplicates was 2.0%). Final concentration of ethanol in the EIA was 3.6%, which does not affect this assay (52) . A plate washer was used to ensure that wells were washed consistently (Tecan Columbus washer: I 109011). Absorbance was measured using a plate reader (Sunrise remote: f039300) at 450 nm, with a 620-nm background correction.
Water blanks and controls were analyzed in each assay. In study 1, for the P0 assays, five of the six extracted water blanks were nondetectable (Ͻ3 pg cortisol), and one was slightly above the detection limit, and for the P10 assays, all six water blanks were nondetectable for cortisol. A 25-pg control was analyzed in each assay (P0 assays: 27.36 Ϯ 1.09 pg; P10 assays: 23.06 Ϯ 0.67 pg). Intra-assay variation was 2.88% for the P0 assays and 5.86% for the P10 assays. Inter-assay variation was 9.72% for the P0 assays and 8.19% for the P10 assays.
In study 2, four of the five water blanks were nondetectable for cortisol, and one was slightly above the detection limit. We included a 10-pg and a 83-pg control in each cortisol assay (n ϭ 5 each). We obtained on average 8.48 Ϯ 0.87 for the 10-pg control and 83.69 Ϯ 3.69 pg for the 83-pg control.
Statistics
Nondetectable samples (below the lowest point on the standard curve) were set to zero for both assays (38) . Data were analyzed in SPSS (v. 11 for Mac OS X).
For study 1, data were transformed [log (xϩ1)] to achieve homogeneity of variance. At each age, data were first analyzed with mixed-design three-way ANOVA tests on each tissue and plasma, with stress (baseline vs. stressed) and sex as between-subjects variables and steroid (corticosterone vs. cortisol) as a within-subjects variable. There were no sex differences (as in Refs. 38 and 47), so data from males and females were combined, and two-way ANOVAs (stress ϫ steroid) were run on each tissue and plasma. We also calculated Cohen's d effect size estimates for the effect of restraint stress in plasma and tissues at P0 and P10. Cohen's d values were calculated as the difference between group means (restraint Ϫ baseline) divided by a pooled standard deviation (10) . A Cohen's d value of 0.20 signifies a small effect, a value of 0.50 signifies a medium effect, and a value above 0.80 signifies a large effect (10) .
Further, for study 1, at each age, steroid levels in tissues were compared with steroid levels in plasma (as in Refs. 11 and 52). Mixed-design two-way ANOVAs were used, with stress as a betweensubjects variable and sample type (tissue vs. plasma) as a withinsubjects variable. We used this approach because we were primarily interested in comparing GC levels between plasma and each tissue, rather than among different tissues (e.g., bursa vs. cerebellum). Thus, this approach avoids unnecessary statistical comparisons. Since the stress variable in this analysis partially overlaps with the preceding analysis (stress ϫ steroid), we only report the main effect of sample for this analysis.
In study 2, local GC levels in starlings and zebra finches were directly compared. Within each subject, plasma corticosterone levels were subtracted from tissue corticosterone levels, and plasma cortisol levels were subtracted from tissue cortisol levels (referred to as "difference scores"). Difference scores were used because starlings and zebra finches have different systemic GC levels, and we wanted to assess local GC synthesis in tissues, independent of plasma GC levels. A negative difference score indicates that plasma corticosterone or cortisol levels were higher than tissue corticosterone or cortisol levels, respectively. A positive difference score indicates the opposite. Difference scores were analyzed in a three-way ANOVA for each tissue, with species and sex as between-subjects variables and steroid (cortisol vs. corticosterone) as a within-subjects variable. There were no sex differences, so data from males and females were pooled and two-way ANOVAs (species ϫ steroid) were run for each tissue. Test results were considered significant for P Յ 0.05. Results are presented as means Ϯ SE of the mean.
RESULTS
Study 1: Effects of Acute Restraint Stress on GC Levels in Developing European Starlings
P0 plasma. In plasma (Fig. 1, A and D) , there was a significant main effect of steroid (F 1,16 ϭ 199.25, P Ͻ 0.001) (corticosterone Ͼ cortisol). The main effect of stress was not significant (F 1,16 ϭ 0.07, P ϭ 0.79) nor was the interaction between steroid and stress (F 1,16 ϭ 0.24, P ϭ 0.63).
P0 immune organs. In the bursa (Fig. 1, B and E), there was a main effect of steroid (F 1,16 ϭ 21.82, P Ͻ 0.001) (corticosterone Ͼ cortisol). The main effect of stress was not significant (F 1,16 ϭ 0.22, P ϭ 0.64), and the interaction between steroid and stress was not significant (F 1,16 ϭ 0.32, P ϭ 0.58). However, the percent of samples detectable for corticosterone and cortisol tended to increase with restraint ( Fig. 1, B and E) . Furthermore, the Cohen's d values for the restraint variable were 0.67 and 0.53 for corticosterone and cortisol, respectively (Table 5 ). Corticosterone levels in the bursa were lower than corticosterone levels in the plasma (F 1,16 ϭ 8.87, P ϭ 0.01). Similarly, cortisol levels in the bursa were lower than cortisol levels in the plasma (F 1,16 ϭ 20.12, P ϭ 0.001).
In the thymus (Fig. 1, B and E) , there was a main effect of steroid (F 1,16 ϭ 14.94, P ϭ 0.002) (corticosterone Ͼ cortisol). The main effect of stress was not significant (F 1,16 ϭ 1.27, P ϭ 0.28), and the interaction between steroid and stress was not significant (F 1,16 ϭ 0.15, P ϭ 0.70). The percent of samples detectable for corticosterone and cortisol tended to increase with restraint (Fig. 1, B and E) . The Cohen's d value for the restraint variable was 0.84 for cortisol (Table 5 ). There were no significant differences between corticosterone levels in the thymus and plasma (F 1,16 ϭ 2.05, P ϭ 0.18) or between cortisol levels in the thymus and plasma (F 1,16 ϭ 0.55, P ϭ 0.47).
In the spleen (Fig. 1, B and E) , there was also a main effect of steroid (F 1,16 ϭ 13.10, P ϭ 0.003) (corticosterone Ͼ cortisol). The main effect of stress was not significant (F 1,16 ϭ 0.90, P ϭ 0.36), and the interaction between steroid and stress was not significant (F 1,16 ϭ 0.15, P ϭ 0.70). The percent of samples detectable for corticosterone and cortisol tended to increase with restraint ( Fig. 1B and 1E) . Furthermore, the Cohen's d values for the restraint variables were 0.71 and 0.60 for corticosterone and cortisol, respectively (Table 5 ). There were no significant differences between corticosterone levels in the spleen and plasma (F 1,16 ϭ 0.80, P ϭ 0.39) or between cortisol levels in the spleen and plasma (F 1,16 ϭ 2.28, P ϭ 0.15).
P0 brain tissue.
For the brain regions, many regions showed the same patterns, so we have summarized the results from the ANOVAs in tables (Tables 1-4 ). For all brain regions, there was a main effect of steroid (Table 1 , Fig. 1 , C and F) (corticosterone Ͼ cortisol). The main effect of stress was not
Fig. 1. Corticosterone (A-C) and cortisol (D-F) levels in European starlings on the day of hatch in plasma (A, D), immune tissues (B, E), and brain tissue (C, F).
Chicks were sampled within 3 min of disturbance (n ϭ 9) or after 45 min of restraint stress (n ϭ 9). rTel, rostral telencephalon; cTel, caudal telencephalon; Dien, diencephalon; CB, cerebellum; OL, optic lobes. Numbers below the bars represent the percent of detectable samples. significant in any of the brain regions (Table 1, Fig. 1, C and  F) . Corticosterone levels in all brain regions were lower than corticosterone levels in the plasma (Table 2) . Similarly, cortisol levels in all brain regions were lower than cortisol levels in the plasma (Table 2) .
P10 plasma. At posthatch day 10 (P10), in plasma (Fig. 2, A  and D) , there was a significant main effect of steroid (F 1,20 ϭ 250.07, P Ͻ 0.001) (corticosterone Ͼ cortisol). The main effect of stress was also significant (F 1,20 ϭ 5.17, P ϭ 0.04). The interaction between steroid and stress was not significant (F 1,20 ϭ 3.34, P ϭ 0.08).
P10 IMMUNE ORGANS. In the bursa (Fig. 2 , B and E), there was a main effect of steroid (F 1,20 ϭ 121.32, P Ͻ 0.001). The main effect of stress was not significant (F 1,20 ϭ 1.58, P ϭ 0.27). There was a significant interaction between steroid and stress (F 1,20 ϭ 26.59, P Ͻ 0.001). Restraint increased bursal corticosterone levels but not bursal cortisol levels. Corticosterone levels in the bursa were lower than corticosterone levels in the plasma (F 1,20 ϭ 67.91, P Ͻ 0.001). Cortisol levels in the bursa did not differ significantly from cortisol levels in the plasma (F 1,20 ϭ 0.82, P ϭ 0.38).
In the thymus (Fig. 2, B and E) , there was a main effect of steroid (F 1,20 ϭ 374.52, P Ͻ 0.001). The main effect of stress was also significant (F 1,20 ϭ 25.04, P Ͻ 0.001). Moreover, the interaction between steroid and stress was significant (F 1,20 ϭ 26.10, P Ͻ 0.001). The effect of restraint was greater on thymic corticosterone levels than thymic cortisol levels. Corticosterone levels in the thymus were lower than corticosterone levels in the plasma (F 1,20 ϭ 19.07, P Ͻ 0.001). Similarly, cortisol levels in the thymus were lower than cortisol levels in the plasma (F 1,20 ϭ 6.15, P ϭ 0.02).
In the spleen (Fig. 2, B and E) , there was a main effect of steroid (F 1,20 ϭ 20.03, P Ͻ 0.001). The main effect of stress was not significant (F 1,20 ϭ 1.44, P ϭ 0.24). There was a significant interaction between steroid and stress (F 1,20 ϭ 10.47, P ϭ 0.01). Restraint increased splenic corticosterone levels but not splenic cortisol levels. Corticosterone levels in the spleen were lower than corticosterone levels in the plasma (F 1,20 ϭ 19.07, P Ͻ 0.001). Cortisol levels in the spleen did not differ significantly from cortisol levels in the plasma (F 1,20 ϭ 0.94, P ϭ 0.35). P10 BRAIN TISSUE. For all brain regions (Fig. 2, C and F) , except the diencephalon, the interaction between steroid and stress was significant (Table 3) . In most regions, restraint increased corticosterone levels but not cortisol levels. In the diencephalon, the main effect of stress was significant, indicating that restraint increased both corticosterone and cortisol in this region (Fig. 2, C and F, Table 3 ). The main effect of steroid was significant in all brain regions (Table 3) . Corticosterone levels in all brain regions were lower than corticosterone levels in the plasma (Table 4 ). In contrast, cortisol levels in all brain regions did not differ significantly from cortisol levels in the plasma (Table 4) .
Study 2: GC Levels in Developing European Starlings and Zebra Finches
To compare local GC levels in starlings and zebra finches, we subtracted plasma corticosterone and cortisol levels from tissue corticosterone and cortisol levels (within each subject) to create "difference scores" (Fig. 3, A and B) . We then compared the difference scores between starlings and zebra finches for each tissue. We have presented the "raw" data in Table 6 . The general patterns observed with the difference scores are similar to the patterns observed with the raw data ( Table 6 and Fig. 3,  A and B) .
There was a main effect of steroid in the bursa (F 1,18 ϭ 11.60, P ϭ 0.004), spleen (F 1,18 ϭ 10.78, P ϭ 0.005), and rTel (F 1,18 ϭ 14.05, P ϭ 0.002). In all cases, the difference scores were lower for corticosterone than cortisol (i.e., corrected for plasma levels, tissue corticosterone levels were lower than tissue cortisol levels). In the bursa, there was a main effect of species (F 1,18 ϭ 13.47, P ϭ 0.002); difference scores were lower for starlings than zebra finches. In the spleen, there was a trend for an effect of species (F 1,18 ϭ 3.31, P ϭ 0.09). In the rTel, the effect of species was not significant (F 1,18 ϭ 2.80, P ϭ 0.12). The interaction between steroid and species was not significant in the bursa (F 1,18 ϭ 2.49, P ϭ 0.13) or the spleen (F 1,18 ϭ 0.40, P ϭ 0.54). In the rTel, there was a trend for an interaction between steroid and species (F 1,18 ϭ 3.41, P ϭ 0.09). Significant P values are in bold.
DISCUSSION
Our results reveal differential regulation of local and systemic GCs by acute restraint stress, as well as developmental and species differences. First, restraint had no significant effects on GCs in P0 starlings but did in P10 starlings. Second, in P10 starlings, local corticosterone levels were lower than systemic corticosterone levels, but local cortisol levels did not differ from systemic cortisol levels (except in thymus). Third, local GC synthesis may differ between wild starlings and captive zebra finches, raising the possibility of a species difference or an effect of captivity. This is the first study to measure immune GC levels in wild animals under natural conditions.
P0 Starlings
At P0, corticosterone was the predominant GC in the plasma, immune organs, and the brain of starlings. In contrast, previous studies suggest that cortisol, not corticosterone, is synthesized in the immune organs of developing chickens and zebra finches (22, 52) . These data suggest a species difference in cortisol synthesis in immune organs.
At P0, restraint stress (for 45 min) had no effect on plasma corticosterone or cortisol levels. Similarly, other altricial animals experience a period of low-stress reactivity early in development, in which systemic GC levels show little response to restraint (25, 50, 64) . However, it has been unclear whether restraint affects local GC levels during this period. If GCs are produced locally, then restraint could increase GC levels in tissues but not in plasma (7) . Here, restraint did not significantly increase corticosterone or cortisol levels in any of the tissues at P0. However, both corticosterone and cortisol levels showed a trend to increase after restraint in the bursa, thymus, and spleen. This trend was not observed in brain tissue. Interestingly, in developing mice, ACTH increases pregnenolone synthesis in thymic cells (63) . It is possible that GC synthesis by immune cells increases with restraint. Future studies should examine local GC levels after other periods of restraint (e.g., 5 or 120 min), as it is possible that maximal F) . Chicks were sampled within 3 min of disturbance (n ϭ 11) or after 45 min of restraint stress (n ϭ 11). rTel, rostral telencephalon; cTel, caudal telencephalon; dTel, dorsal telencephalon; Dien, diencephalon; CB, cerebellum; OL, optic lobes. Numbers below the bars represent the percent of detectable samples. Where no number is given, 100% of the samples were detectable. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. Significant P values are in bold.
increases in tissue GC levels peak earlier or later than 45 min (12, 16) . We also directly compared local and systemic GC levels at P0. Both corticosterone and cortisol levels were lower in the brain and bursa than in the plasma. In contrast, corticosterone and cortisol levels in the thymus and spleen did not differ from levels in the plasma. These data suggest tissue-specific regulation of GC levels, which could be achieved by several mechanisms. First, 11␤-hydroxysteroid dehydrogenase (11␤-HSD) is a key regulator of local GC levels (53) . One isoform (11␤-HSD2) inactivates corticosterone and cortisol, and another isoform (11␤-HSD1) regenerates corticosterone and cortisol from their inactive metabolites (21) . Second, multidrug resistance P-glycoprotein (Pgp) actively transports GCs and is present in the brain (20) and immune organs (43) . Third, high expression of glucocorticoid receptor or corticosteroid binding globulin might cause high local GC levels in specific tissues (51) . Lastly, differential local GC synthesis could produce tissue-specific GC levels.
Any of the above-mentioned mechanisms could keep GC levels elevated when they are required and keep GC levels low when they are detrimental. For example, food restriction or corticosterone treatment during early development decreases the size of the song nucleus HVC in zebra finches (5) and song sparrows (29) and reduces the quality and quantity of song production in European starlings (6) . Corticosterone treatment during development also has detrimental effects on cognition and social behavior in zebra finches (58) . Low GC levels in the brain early in life may be important to ensure normal brain development. It has been hypothesized that the SHRP in rodents serves to keep circulating GC levels low early in development to prevent the potential widespread negative effects of elevated GC levels (50) . However, it is also known that GCs play an important role in the development of the immune system, where they regulate lymphocyte selection (18) . Thus local GC synthesis in immune organs during the SHRP in rodents and the period of low stress reactivity in songbirds could allow for elevated GC levels in immune organs to regulate lymphocyte selection, while keeping circulating GC levels low (51) .
P10 Starlings
At P10, corticosterone was again the predominant GC in the plasma, immune organs, and brain. In contrast, in developing zebra finches, cortisol is the most abundant GC in immune organs (52) .
In contrast to P0 starlings, restraint significantly increased plasma corticosterone and cortisol levels in P10 starlings. Similarly, in other songbirds, the period of low-stress reactivity only lasts for the 1st wk of life (64, 54) . Restraint also increased corticosterone in all the immune and brain tissues studied. In contrast, restraint increased cortisol only in the thymus and diencephalon. One possibility is that cortisol is synthesized in the thymus and diencephalon in response to restraint. In support of this, in rats, expression of P450c11␤ mRNA in the hypothalamus increases with ACTH treatment (66) .
Corticosterone levels in immune and brain tissues were lower than corticosterone levels in the plasma. In contrast, cortisol levels in immune and brain tissues did not differ significantly from cortisol levels in the plasma (except for the thymus). These data suggest differential regulation of corticosterone and cortisol in tissues. As mentioned above, this could be achieved by several mechanisms. Fig. 3 . Corticosterone (A) and cortisol (B) levels in wild European starlings (starling) and captive zebra finches (finch) at posthatch day 4. Plasma corticosterone and cortisol levels were subtracted from tissue corticosterone and cortisol levels, respectively, to create "difference scores." All chicks were sampled within 3 min of disturbance. rTel, rostral telencephalon. ϩP Ͻ 0.10; **P Ͻ 0.01. 
Local GC Levels in Starlings and Zebra Finches
In study 2, we directly compared local corticosterone and cortisol levels in wild P4 European starlings and captive P4 zebra finches. In zebra finches, cortisol levels in the bursa and spleen were higher than cortisol levels in the plasma, suggesting that the immune organs of developing zebra finches synthesize cortisol (52) . GC difference scores were lower in starlings than zebra finches in the bursa, with a similar trend in the spleen. These data suggest a difference between starlings and zebra finches in local GC synthesis or other factors (e.g., 11␤-HSD, Pgp).
Differences in immunosteroid levels may be due to evolutionary lineage or to differences in life history strategy. Zebra finches exhibit a fast pace of life and reach sexual maturity by ϳ3 mo of age (67) . Starlings exhibit a slower pace of life and begin breeding at ϳ10 mo of age (15) . The life history strategy of zebra finches may favor reduced investment into costly adaptive immune defenses, greater reliance on innate immunity, and greater investment into reproductive development (24, 33) . In contrast, starlings may invest more resources into adaptive immunity to increase the chance of long-term survival. Since high GC levels can suppress the adaptive immune system (4, 49) and increase apoptosis of lymphocytes (18) , high GC levels in the immune organs of zebra finches may serve to suppress the development of the adaptive immune system and redirect resources toward rapid reproductive development. Future studies of immunosteroids should compare closely related species in the field that differ in pace of life.
Furthermore, European starlings are an invasive species in North America, and strong humoral immune defenses may facilitate successful invasion by allowing the organism to combat novel pathogens (23) . Thus, low GC levels in the bursa during development could be adaptive for European starlings, because high GC levels can suppress humoral immunity (4) . Alternatively, differences in immunosteroid levels may be the result of experiential factors, such as parasite exposure or other factors associated with captivity (e.g., differences in food). Early parasite exposure is positively correlated with investment in adaptive immune defenses (34, 36) . Further, the sizes of the bursa and spleen are larger in species of birds that are colonial or that reuse nests, which may be due to increased parasite exposure (38) . In the wild, nearly all starling nestlings have endoparasites and ectoparasites (8; personal observation). Parasite exposure in starling nestlings may be particularly high because starlings nest in cavities, which have often been previously used (8, 38) . In contrast, captive zebra finches lay eggs in clean nests that harbor fewer parasites. Since high levels of GCs induce apoptosis of lymphocytes and may decrease investment in adaptive immunity, high parasite exposure in starlings during development may cause low GC levels in immune organs. Future experiments should manipulate parasite exposure and measure immunosteroid levels. Increasing parasite exposure in zebra finches may decrease immunosteroid levels, whereas decreasing parasite exposure in starlings may increase immunosteroid levels.
As an initial step in understanding whether starlings invest more in the adaptive immune system than zebra finches, we calculated the bursa to body weight (B-BW) and spleen to body weight (S-BW) ratios. B-BW ratio is used as a crude indicator of adaptive immune function in chickens (59, 65) . Furthermore, spleen weight is positively correlated with cell-mediated immune responses in European starlings (1). Because we did not have body weights of subjects in study 2, we divided the P4 bursa weights by the average body weight of P4 starlings (25.48 Ϯ 1.00 g, n ϭ 37) (8) and P4 zebra finches (3.15 Ϯ 0.08 g, n ϭ 86; A. Shah et al., unpublished data). The B-BW ratio was ϳ3 times higher in starlings (0.001922 Ϯ 0.000232, n ϭ 10) than in zebra finches [0.000657 Ϯ 0.000029, n ϭ 10; t(18) ϭ 5.41, P Ͻ 0.0001]. Similarly, the S-BW ratio was ϳ2 times higher in starlings (0.001159 Ϯ 0.000152, n ϭ 10) than in zebra finches [0.000595 Ϯ 0.0000745, n ϭ 10; t(18) ϭ 3.08, P ϭ 0.007]. These preliminary data suggest that wild starlings invest more resources into adaptive immunity than captive zebra finches. Future studies should compare zebra finches and European starlings on indices of humoral immunity (e.g., antibody response to keyhole limpet hemocyanin) and cellmediated immunity (e.g., phytohemagglutinin-induced wing swelling). Future studies should also inhibit local GC synthesis in immune organs in vivo by locally applying GC synthesis inhibitors (e.g., metyrapone) to determine the role that immunosteroids play in regulating apoptosis (63) .
Perspectives and Significance
These results show a robust difference in the effects of acute restraint on circulating and local GCs at P0 and P10. Further- 
